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Abstract: Algae cultivation is an active area of study for carbon sequestration, while the large 
amount of produced algae must be upcycled. In the current study, we fabricated artificial timber 
based on algae filler, with only 2~4% epoxy binder. The flexural strength could be comparable 
with those of softwoods. The binder was efficiently dispersed in the algae phase through 
diluent-promoted compaction self-assembly. The important processing parameters included 
the binder content, the filler morphology, the compaction pressure, the diluent ratio, and the 
curing condition. This research may also help reduce the consumption of conventional 
construction materials.  
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1. Introduction 
 
 A promising method of carbon sequestration is to cultivate algae [1]. Algae is low 
maintenance and fast growing [2,3]. Compared to trees, algae can absorb carbon dioxide (CO2) 
more efficiently by two orders of magnitude [3–5]. If equipped with bioreactor-enabled algae 
farms, a large city may have a negative overall carbon emission rate [6]. 
 The major challenges to this concept are related to the large scale of algae production. 
To achieve a nontrivial impact on the CO2 amount in the atmosphere, each year billions of tons 
of algae needs to be produced [7]. They should not decompose back to CO2. Permanent storage 
can be costly. It involves proper dehydration, transportation, and placement. One attractive 
approach is to use algae to help meet the increasingly high demand of food security [8]. 
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Because algae is not traditionally a main food source, it must be processed to separate proteins 
and carbonhydrates, for which basic research is being carried out [9,10]. Another area of study 
is to utilize algae as fuel and biomass [11,12]. The main issues include the high cost and the 
difficulties in scaling up. The cellulose content in cell walls of algae is in the range from 40% 
to 70% [13], offering an opportunity to fabricate structural parts. Dehydrated algae has been 
converted to polymers and foams [14–16].  
 Among all the potential applications, construction materials form a sufficiently large 
market. Every year, ~10 billion tons concrete are consumed worldwide [17], responsible to 
12~15% of total industrial energy use [18] and 5~8% of total human-related CO2 emission [19]. 
In addition, a few billion m3 wood is used annually [20]. If algae-based materials can replace 
a portion of concrete and timber, it not only economically helps algae cultivation, but also 
reduces the energy use and carbon emission from the conventional construction industry.  
 Dehydrated algae often exists as non-cohesive powders. To apply it in engineering 
structures, particulate composites need to be processed. A regular particulate composite 
contains ~70% filler particles and ~30% binder [21]. The fillers are usually sand, wood chips, 
carbon black, etc. [22]. The binder can be epoxy, unsaturated polyester resin, vinyl ester, 
phenolics, or a thermoplastic [23]. These binders are relatively expensive, and their production 
emits CO2 [23–25]. If we use 30% binder in algae-filler composites, the cost-performance 
balance and the overall environmental benefit would be unsatisfactory. It is desirable to largely 
decrease the binder content to below 5%. 
 With such an ultralow binder content, ordinary composite processing techniques are no 
longer relevant. The filler-binder mixture would be dry; the filler-binder wetting would be poor; 
the final defect density would be large. To solve these problems, we recently developed the 
compaction self-assembly (CSA) technology [26–35]. In CSA, filler and binder are first 
premixed, and then compacted under a relatively high pressure. The binder content can be only 
~4%, and the maximum compaction pressure is generally 30~100 MPa. The compaction 
pressure not only squeezes the binder droplets and densify the interstitial gaps, but also deforms 
and rotates the filler particles. More critically, as the filler particles are close packed, at the 
direct contact points, a large capillary pressure would be built up, driving the binder to these 
most important microstructural sites. As the binder is self-assembled into binder micro-
agglomerations (BMA), the load-carrying capacity is optimized.  
 In the current study, we investigate how to fabricate ultralow-binder-content algae-filler 
composites. The produced material will be referred to as artificial timber. Once successful, our 
research will have profound impacts on the development of green construction materials as 
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well as the study on algae-related CO2 sequestration.  
 
2. Experimental procedure 
  
 We investigated two types of algae, denoted by FP and SW, respectively. Algae FP was 
obtained from Good Natured in powder form (Product No. 857307002257), with the average 
particle size of 10~15 µm. Algae SW was prepared from zostera marina harvested at the La 
Jolla Shore, La Jolla, California. The SW sample was thoroughly rinsed and dried in a 
mechanical convection oven (Jeio Tech OF-12G-120) at 80 ℃ for 24 hours, chopped by a razor 
blade into cm-sized pieces, and ground in a MTI MSK-SFM-14 roller mill at 50 rpm for 2 h. 
The particle size of the milled SW was around 50 µm to 0.5 mm. 
 
 
Figure 1. The processing procedure: (a) mixed epoxy resin and hardener, (b) isopropyl 
alcohol (IPA), (c) the sonication bath, (d) IPA-diluted epoxy, (e) milled algae powders, (f) the 
paste mixer, (g) mixed algae with binder, (h) a steel mold (scale bar: 30 mm), (i) the setup of 
compaction self-assembly (CSA), (j) curing in a convection oven, and (k) an artificial timber 
sample (scale bar: 12.5 mm). 
 
Figure 1 illustrates the material processing procedure. Epoxy resin (Hexion, Epon 828) 
was employed as the binder, with the curing agent being Hexion Epikure-3115 polyamide. For 
each part of epoxy, 1.2 parts curing agent and a certain amount of isopropyl alcohol (IPA) were 
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added, and manually mixed in a glass vial at room temperature (22 ℃) for 20 mins. The IPA 
to epoxy ratio, 𝛼𝛼I = 𝑚𝑚IPA 𝑚𝑚eh⁄ , ranged from 2.5 to 6, where 𝑚𝑚IPA and 𝑚𝑚eh are the IPA mass 
and the epoxy-hardener mixture mass, respectively. Powders of algae filler were blended with 
the IPA-diluted epoxy in a Thinky ARE-310 centrifugal mixer at 2000 rpm for 3.5 mins. The 
binder content, 𝛼𝛼b = 𝑚𝑚eh (𝑚𝑚eh + 𝑚𝑚a)⁄ , was in the range from 2% to 10%, where 𝑚𝑚a is the 
algae mass. The material was transferred into a steel cylindrical mold. Two pistons were 
inserted into the mold from both ends. The height, the outer diameter, and the inner diameter 
of the mold were 50.7 mm, 44.5 mm, and 19.1 mm, respectively. The height and the diameter 
of the piston were 25.4 mm and 19.1 mm, respectively. Compaction self-assembly was carried 
out by compressing the algae-binder mixture in a universal testing machine (Instron 5582) at 
the loading rate of 15 mm/min, until the desired peak pressure (𝑃𝑃c) was reached. The loading 
plate held the peak pressure for 1 min, and was raised to remove the compression force. The 
peak pressure ranged from 10 MPa to 350 MPa. The two pistons were fixed by a C-clamp 
(McMaster-Carr, 5133A19). The mold was placed in the convection oven and the binder was 
hardened at 100 ℃ for 1 hour. 
After curing, the mold was air-cooled for 1 hour, and the artificial timber sample was 
pushed out by a press. Flexural testing specimens were sectioned by a high-speed diamond saw 
(MTI, SYJ-40-LD), with the length, depth (𝑑𝑑), and width (𝑤𝑤) being 18 mm, 5 mm, and 5mm, 
respectively. The surfaces of the specimen were flattened by 400-grit sandpapers. The flexural 
strength was measured through three-point bending in the Instron testing machine. The 
specimen was supported at both ends by two 2.54-mm-diameter 19-mm-long stainless steel 
pins. Another steel pin rested at the top of the beam specimen at the middle, and was 
compressed downwards at the rate of 6 mm/min, until the specimen failed. The peak loading, 
𝐹𝐹f, was recorded. The flexural strength was calculated as 𝑅𝑅 = 32 𝐹𝐹f𝐿𝐿𝑤𝑤𝑑𝑑2, with 𝐿𝐿 = 16 mm being 
the distance of the two supporting pins. At least three specimens were tested for each condition. 
Scanning electron microscope (SEM) images were taken at the fracture surfaces. 
 
3. Result and discussions 
 
Figure 2(a) shows the measured flexural strength of artificial timber samples based on 
the FP filler and the SW filler. The binder content varies from 2% to 10%. Remarkably, with 
only 2% binder, the strength of FP-filler samples can reach ~20 MPa, stronger than typical 
portland cement by 5~10 times and better than most steel-reinforced concretes [36]. As shown 
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in Fig.1(k), the compacted material is blackish, having smooth surfaces, and quite robust. As 
the binder content (𝛼𝛼b) increases from 2% to 8%, 𝑅𝑅 is improved somewhat linearly. When 
𝛼𝛼b = 8%, 𝑅𝑅 is ~27 MPa. When 𝛼𝛼I further rises to 10%, the strength remains similar; that is, 
the binder distribution has saturated. This is consistent with our previous result [29] that as the 
filler is densified, the minimum gap volume is ~8%. Excess binder would be squeezed out of 
the materials system, and does not contribute to the final structural integrity.  
 
 
Figure 2. (a) The flexural strength (𝑅𝑅) as a function of the binder content (𝛼𝛼𝑏𝑏). (b) Typical 
stress-strain curves of FP-filler samples; the IPA to epoxy mass ratio (αI) is 5 and the 
compaction pressure (𝑃𝑃𝑐𝑐) is 60 MPa. 
 
The stress-strain curves in Fig.2(b) show that as the binder content increases, both the 
strength and the stiffness become larger. The increase in strength is more pronounced, so that 
the failure strain rises with 𝛼𝛼b. Because the samples are formed by small powders, after the 
final cracking begins, no long fibers could bridge the crack flanks and consequently, the 
fracture process is rapid.  
 
 
Figure 3. Typical SEM images of FP-filler samples with (a) 𝛼𝛼b = 2 wt%, (b) 𝛼𝛼b = 6 wt%, 
and (c) 𝛼𝛼b = 10 wt% (scale bar: 10 µm). 
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The high strength should be attributed to the efficient BMA formation, as well as the 
filler densification. As shown in Fig.3(a), when 𝛼𝛼b = 2%, the morphology of the material is 
already relatively homogeneous. Few large-sized defects can be observed. Since algae is 
deformable upon high-pressure compaction, during CSA the interstitial sites are largely 
reduced, and the premixed binder droplets necessarily aggregate into micro-agglomerations at 
the angular edges of adjacent filler powders. The binder motion is promoted by the capillary 
pressure, as the CSA pressure greatly decreases the characteristic size of the microstructural 
channels. As a result, the small amount of binder is dispersed as an efficient load-transferring 
network, connecting the algae powders into a solid. Such a dense microstructure is maintained 
in the curing process, as the steel pistons are clamped. If the pistons were free and the material 
were allowed to freely expand, the strength of the cured sample would be lowered by 3~4 times. 
Clearly, before hardening, the binder cannot lock the BMA structure. The thermal mismatch 
among various components would interrupt the close-packed filler-binder mixture, resulting in 
a large defect density. With the confinement during curing, after the binder has hardened, the 
BMA can permanently crosslink the algae powders in the compressed shapes. When more 
binder is used, as indicated by Fig.3(b), the homogeneity is improved and the defects formation 
is suppressed, causing a higher strength. As the effective porosity is reduced, the modulus of 
elasticity is higher, leading to the observed stiffening effect (Fig.2b). When the binder content 
is 10%, the material resembles a conventional particulate composite, wherein the binder forms 
a continuous matrix and the algae powders are fully embedded. This critical value of binder 
content is 2~3 times less than that of regular composites, thanks to the compaction pressure 
that deforms, rotates, and compresses the algae phase.  
According to Fig.2(a), the SW-filler samples generally exhibit a higher strength than 
the FP-filler samples. Because the SW powder size is considerably larger that of FP, SW tends 
to have a larger aspect ratio, somewhat similar to microfibers. Thus, in addition to the bonding 
through BMA, the SW particles may be entangled, further enhancing the structural properties. 
With only 4% binder, the flexural strength is ~33 MPa, comparable with soft woods [37]. Yet, 
if the binder content is reduced to 2%, the material would be quite weak and the flexural 
strength measurement becomes difficult. It is interesting that the flexural strength is not 
sensitive to the binder content in the range of 𝛼𝛼b from 4% to 10%. As a considerable portion 
of strength comes from the internal friction and entanglement of algae, the role of binder is still 
important, but different from in FP-filler samples. The binder provides distributed locking sites 
that hold the algae together. As long as the MBA network is relatively complete, the material 
strength would be optimized.  
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Figure 4. The flexural strength (𝑅𝑅) as a function of (a) the compaction pressure (𝑃𝑃𝑐𝑐) and (b) 
the IPA to binder mass ratio (𝛼𝛼𝐼𝐼). 
 
In addition to the binder content and the filler type, another important processing 
parameter is the compaction pressure, 𝑃𝑃c . As suggested by Fig.4(a), in general, a higher 
compaction pressure is beneficial, especially when it is less than 60 MPa. When 𝑃𝑃c = 10 MPa, 
the flexural strength is ~16 MPa. When 𝑃𝑃c rises to 60 MPa, the strength increases somewhat 
linearly to ~22 MPa by ~40%. Beyond 60 MPa, the effect of 𝑃𝑃c is secondary. When 𝑃𝑃c is very 
high ~350 MPa, 𝑅𝑅 is ~24 MPa, only marginally larger than 𝑃𝑃c = 60 MPa by ~10%. Clearly, 
the densification effect saturates at ~60 MPa, at which the algae powders have collapsed and 
the powder rotation and sliding have nearly completed. A compaction pressure around 30~60 
MPa is on the same scale as the pressure of compression molding [38,39]. To achieve a high 
strength, the optimum 𝑃𝑃c is ~60 MPa.  
The IPA to epoxy-hardener ratio (𝛼𝛼I) affects the material structure by changing the 
rheological properties of the binder. As demonstrated in Fig.4(b), when 𝛼𝛼I is less than 4, using 
more IPA helps enhance the strength, since the binder viscosity is reduced and the binder 
dispersion is more widespread. When 𝛼𝛼I  exceeds 4, further increasing it would have a 
detrimental effect, probably because of the increase in defect density. As IPA evaporates, the 
volume left in the interior of the material would be microvoids, which act as stress 
concentrators. IPA may also interrupt the epoxy ring opening, as the functional groups of 
polyamide are blocked. The optimum 𝛼𝛼I is ~4, at which the flexural strength reaches ~37 MPa, 
similar to those of aspen, basswood, sassafras, etc. [37].  
 
4. Conclusions 
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We produced artificial timber using algae as the filler and epoxy as the binder. The 
binder content could be only 2~4 wt%, and the flexural strength could be comparable with 
those of softwoods. The material was quite homogeneous, with a low defect density. The 
critical processing operation was the compaction self-assembly. Upon a sufficiently high 
compression pressure, algae powders were deformed, rotated, and densified, and the binder 
phase was relatively uniformly dispersed. A large filler powder size and aspect ratio helped 
promote the internal friction and entanglement, which improved the structural integrity. The 
optimum compaction pressure was ~60 MPa; further increasing it would not lead to much 
enhancement in strength. The binder viscosity was critical. It should be controlled by a diluent, 
e.g., IPA. During curing, the material should to be confined, so that the compacted 
microstructure could remain. This study may provide an important method to upcycle algae, 
critical not only to the study of algae cultivation and carbon sequestration, but also to the 
development of next-generation green construction materials. 
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